The supercharging effect of sulfolane on cytochrome c (cyt c) during electrospray ionization mass spectrometry (ESI-MS) in the absence of conformational effects was investigated. The addition of sulfolane on the order of 1 mM or greater to denaturing solutions of cyt c results in supercharging independent of protein concentration over the range of 0.1 to 10 μM. While supercharging was observed in the positive mode, no change in the charge state distribution was observed in the negative mode, ruling out polarity-independent factors such as conformational changes or surface tension effects. A series of sulfolane adducts observed with increasing intensity concurrent with increasing charge state suggests that a direct interaction between sulfolane and the charged sites of cyt c plays an important role in supercharging. We propose that charge delocalization occurring through large-scale dipole reordering of the highly polar supercharging reagent reduces the electrostatic barrier for proximal charging along the cyt c amino acid chain. Supporting this claim, supercharging was shown to increase with increasing dipole moment for several supercharging reagents structurally related to sulfolane.
Introduction
E lectrospray ionization mass spectrometry (ESI-MS) is a powerful tool to study biologically relevant macromolecules such as proteins, owing in part to its ability to generate multiply charged ions. The ESI process begins with the formation of highly charged droplets containing the analyte of interest. As the droplets evaporate, the Coulombic repulsion between charges on the surface eventually overcomes the surface tension at a point called the Rayleigh limit, resulting in a Coulombic fission event [1, 2] . Many small, highly charged progeny droplets containing analyte leave the parent droplet with a disproportionately large fraction of the surface charge [3] . These progeny droplets undergo subsequent evaporation and fission, and this process repeats until only gas-phase ions remain.
The actual mechanism of ion formation in ESI is believed to occur along one of two pathways, the ion evaporation model [4] [5] [6] (IEM) or the charge residue model [7] (CRM). There is strong evidence that large molecules such as proteins are predominantly charged by the CRM process [8] [9] [10] while smaller molecules are primarily charged by the IEM process [11, 12] . According to the CRM, the solvent evaporation and successive fission events result in the formation of progeny droplets containing a single analyte molecule, which is then charged through a charge transfer process between the charge carriers on the surface of the droplet and the analyte molecule upon final droplet evaporation [7] .
When a protein is analyzed by ESI-MS, several peaks corresponding to different charge states are observed. This is referred to as the charge state distribution (CSD) or envelope. For a given set of experimental conditions, each protein will acquire a characteristic highest observed charge state. HOCS (highest observed charge state) was used in place of the more established CS max (maximum charge state) to remove any ambiguity between the charge state with the highest intensity (referred to as HICS in the text) and the charge state with the highest charge. Early work by Loo et al. [13] and Covey et al. [14] suggested that the HOCS of a protein is determined by its number of basic residues. Several years later, using an argument similar to Wong et al. to describe the maximum charging of polyethylene glycols (PEGs) [15] , Schnier et al. extended this theory by suggesting that the HOCS of proteins should also be limited by the electrostatic repulsion between protonated basic residues [16] . According to this model, the charges on the surface of an electrosprayed droplet at the moment of final evaporation are partitioned between the solvent and the protein based on differences in their apparent gas-phase basicities. The apparent gas-phase basicity of each basic site decreases with increasing charge state due to Coulombic repulsion from existing charges [17, 18] . Therefore, the HOCS should be the last charge state in which an open basic site has a gas-phase basicity above that of the solvent. Schnier et al. were able to predict the HOCS for 13 proteins within an average of 6% of the experimental values [16] .
For folded proteins, both the entire envelope and the HOCS are generally shifted to lower charge states (higher m/z) than for unfolded ones. While charging limited by apparent gas-phase basicities agrees well for unfolded proteins, the maximum charge state obtained by ESI-MS for many folded proteins has been observed to fall below that predicted by apparent gasphase basicities [19] . Several studies instead show a correlation between the surface area of the protein and the maximum charge state [8, 10, [20] [21] [22] . These results suggest that at least for folded proteins, the maximum charge state is determined by the Rayleigh limit for a droplet the same size as the protein. The Rayleigh limit is given by the equation
Equation (1) where q is the charge on the droplet, ε is the permittivity of free space, σ is the surface tension, and r is the droplet radius. The difference between these models for unfolded and folded proteins can be reconciled by considering that compact folded protein structures might result in a final droplet size too small to accommodate the number of charges for all basic sites to become charged by the CRM process [19] and that some prospective charge carrying sites may be inaccessible, buried inside the folded protein.
An alternative model explaining the conformational dependence of CSDs has been suggested in which the multiple-charging of folded proteins does not appear to be restricted by the Rayleigh limit [22] [23] [24] [25] , but rather by the neutralization of opposite charges [25] [26] [27] [28] . Both acidic and basic residues can be charged in solution depending on solution pH and their respective pK a values, and the net charge of a protein is the sum of the positive and negative charges. According to the conformation-dependent neutralization (CDN) theory [27] , zwitterionic states might be more stable in folded conformations than in unfolded ones. This additional stability could alter the gas-phase basicity so that neutralization of charges opposite to that of the ESI polarity does not occur during the ESI process, shifting the CSD to lower values for folded proteins.
In practice, the extent of multiple charging for proteins in ESI-MS is dependent on several experimental parameters. Solvent composition [9, [29] [30] [31] [32] [33] determines charge availability according to the surface tension and Rayleigh limit and can impose an upper limit on charging based on gas-phase basicity. Denaturing solutions, such as those with high acid, base, or alcohol content, result in CSDs shifted to higher charge states due to protein unfolding [34] [35] [36] . Interactions with other molecules in the gas phase, whether as part of the solvent system or introduced, can shift CSDs to higher [37] or lower [19, 38] charge states due to charge transfer reactions. Some instrumental settings [13, 23, [39] [40] [41] [42] such as source voltages [13] , sprayer tip diameter [42] , and gas pressures [23, 40] can also shift the CSD.
There is a special case of CSD modification called "supercharging" where small amounts of additives such as m-nitrobenzyl alcohol [32] or sulfolane [33] are added to electrosprayed solutions, usually proteins, which results in a dramatic enhancement of multiple charging. Increased multiple charging of proteins has many benefits, such as reducing the mass range required for protein analysis as well as improved top-down protein sequencing [43, 44] . First reported in 2000 [45] , supercharging has been the subject of considerable debate.
Initial results from the Williams' group, obtained with denatured proteins in acidified solution, suggested a rough relationship between the surface tension of the supercharging reagent and the average charge state [9, 31] . The supercharging reagents are thought to enrich in the droplet during solvent evaporation owing to their low volatility, concomitantly increasing the surface tension of the droplet. This increased surface tension would increase charge availability according to the Rayleigh limit theory. However, subsequent work from Grandori's group indicated that in the absence of conformational changes, multiple charging is largely independent of surface tension [23] [24] [25] , a result that was later supported by Loo et al. [46] .
Recently, possibly due to increasing interest in using ESI-MS as a tool for top-down proteomics and for studying protein interactions, most of the reported supercharging research has been on proteins in the native state. In 2009, Loo et al. determined that supercharging of noncovalent protein complexes from aqueous solutions does not appear to be caused by conformational changes in solution [46] . However, soon afterwards Williams et al. showed similarities between results obtained from thermal denaturation and from supercharging of aqueous solutions, suggesting that supercharging from aqueous solutions is due to conformational changes in the electrospray droplets resulting from droplet heating [47] . It was proposed that more extended protein conformations result in a final droplet size with larger charge availability according to the Rayleigh limit theory. While several studies have since appeared that support the role of conformational changes occurring late during ESI as a potential source of supercharging in aqueous solutions [48] [49] [50] , other studies have questioned this model [37, 46, 51] There is still a good deal of uncertainty that surrounds the supercharging phenomenon. While some evidence points to an increase in the surface tension of mature electrospray droplets, [9] several studies support alternative causes for the supercharging of proteins [24, 25, 46, 52] . In this paper we attempt to study the contribution of effects other than conformational changes to supercharging by investigating the role of bulk solvent properties such as dipole and chemical effects including protein -sulfolane adduct formation.
Experimental

Chemicals
Bovine cytochrome c (cyt c), sulfolane, sulfolene, and dimethyl sulfoxide were purchased from Sigma-Aldrich (St. Louis, MO, USA), LC-MS grade methanol and formic acid were purchased from EMD Chemicals (Darmstadt, Germany), and water was obtained from Fluka. 3-Chlorothietane-1,1-dioxide (CAS 15953-83-0) was purchased from Synthonix (Wake Forest, NC, USA). All chemicals were used as received without further purification.
Sample Preparation
Stock solutions of cyt c were prepared in water followed by dilution to the specified concentration and solvent composition of 50:50:0.1 MeOH:H 2 O:formic acid (FA) unless otherwise noted. Samples were prepared daily at room temperature and were analyzed immediately following preparation. For samples containing supercharging reagents, aqueous solutions containing the supercharging reagent were added as part of the water fraction of the cyt c samples.
ESI-MS
For electrospray ionization experiments, a linear ion trap mass spectrometer (LTQ; Thermo Scientific, Waltham, MA, USA) equipped with the Ionmax ESI source was used. The MS was tuned by automated routine on the m/z 941 (+13 charge state) peak of the cyt c envelope in the positive mode and m/z 1746 (-7 charge state) in the negative mode. Instrumental parameters are given in Table 1 . The position of the sprayer tip relative to the mass inlet was optimized manually for the optimum signal stability and intensity. Initially, relatively mild ionization conditions were chosen to retain adducts during ion formation (parameter set A in Table 1 ). For comparing positive and negative mode supercharging, as well as comparing several supercharging reagents, the sheath gas and capillary temperature were increased to reduce adduct formation and give cleaner spectra (parameter set B in Table 1 ). Samples were introduced by infusion and spectra were obtained by spectral averaging with 1 min acquisition times using automatic gain control. Trap fill times were typically 1 to 10 ms. Protein charge states were determined using the formula [14] 
Equation (2) where q i is the charge state of the ith charge state, m i is the mass-to-charge ratio of the ith charge state, and m i-1 is the mass-to-charge ratio of the ith-1 charge state. The average charge state q avg was determined using the formula [53] 
Equation (3) where N is the total number of protein charge states observed in the mass spectrum and W i is the signal intensity of the ith charge state.
Results and Discussion
The alcohol and pH induced denaturing of cyt c were previously studied [34, 54, 55] . In the present solvent system of 50:50:0.1 MeOH:H 2 O:FA, cyt c is expected to obtain an expanded, highly helical conformation. The ESI-MS of 10 μM cyt c in Figure 1a shows a bimodal distribution mostly centered on the +15 charge state, confirming that the protein is primarily in the denatured state. Figure 1b shows the shift in the CSD from an average of +15 to +21 with the addition of 300 mM sulfolane to 10 μM cyt c. Of the several known supercharging reagents, sulfolane was chosen for this study because it showed the highest supercharging ability in a recent publication by Lomeli et al. [33] and is miscible with water. Several peaks corresponding to charged sulfolane products were observed. Figure 1c shows the low m/z range of the spectrum of a typical 10 μM cyt c sample to which 300 μM sulfolane was added. A base peak at m/z 121 is observed, corresponding to [ , respectively. Figure 2 shows the change in average charge state (ACS) for several concentrations of cyt c with the addition of increasing amounts of sulfolane. High concentrations of supercharging reagents are required to observe any significant supercharging effect. For known reagents, it has been demonstrated that maximum supercharging is achieved when the concentration of the reagent is in the millimolar range [32, 33] , well above the micromolar analyte concentration typical in ESI-MS. In the present study, no supercharging was observed for cyt c until the sulfolane concentration of the sample was on the order of 1 mM or higher. It appears that the onset of supercharging depends on the concentration of sulfolane largely independently of the concentration of the protein, at least over the range of 0.1 to 10 μM cyt c. However, the concentration of sulfolane is 10 3 to 10 5 times higher than that of the protein and thus present in large molar excess.
It has been proposed that an increase in surface tension is the origin of supercharging for denatured proteins [9, 31] . However, several groups have also reported that supercharging appears to be independent of surface tension in the absence of other effects such as denaturing [23] [24] [25] 46] . One way to test the effect of surface tension on supercharging is to compare supercharging in the positive and negative modes. Very few studies of supercharging in the negative mode have been reported [31, 49] . Some supercharging reagents such as glycerol, which increase charging in the positive mode, have little to no effect in the negative mode [49] , or even reduce charging [31] . Here, we also studied the effect of sulfolane on supercharging in the positive and negative modes for cyt c (Figure 3 ). Ten μM cyt c with and without 100 mM sulfolane was prepared in 96:4 MeOH:H 2 O, a solvent system suitable for positive and negative modes. Cyt c has 24 basic sites including the N-terminus and 13 acidic sites including the C-terminus. Without sulfolane added, the spectra of cyt c in the positive (Figure 3a ) and negative (Figure 3b ) modes reflect this difference in available charge sites with a highest intensity charge state (HICS) of +12 in the positive mode and a HICS of -7 in the negative mode. Upon addition of sulfolane, the HICS in the positive mode shifts to +15 (Figure 3c ) while no change in the HICS in the negative mode was observed (Figure 3d ). Several adducts were observed in the negative mode, corresponding to losses of 44 Da as well as water and methanol adducts (Online Resource 1, S1). This disparity for positive and negative modes is not consistent with surface tension being responsible for supercharging of proteins from denaturing solutions. If an increase in surface tension is the cause of supercharging, then it should occur in both the positive and negative modes since surface tension's effect on the Rayleigh limit is independent of the polarity of the charge [1] .
It was noted that high concentrations of sulfolane result in protein spectra abundant with adducts. To study these adducts, the instrumental conditions were selected to minimize adduct loss. Figure 4 contains several plots of intensity against charge state for samples of cyt c with various additives. Without the addition of supercharging reagent, a series of low intensity peaks corresponding to cyt c with one or more adducts was observed (Figure 4a ). Upon deconvolution, these peaks were assigned a mass of 97. It is known that protein solutions are prone to contain sulfate, a remnant of the protein purification process [56] . When the intensity of the protein with sulfate adducts is plotted for each charge state, it can be seen that the CSD of the adducted series follows very closely to that of the CSD of the protein without adducts, but shifted one charge state lower. These adducts are thus most likely chargeneutralizing hydrogen sulfate. No hydrogen sulfate adduct was observed on the HOCS. During supercharging, these adducts were observed to increase in intensity concurrently with increasing sulfolane concentration. Additional sulfate may be produced by the oxidation of sulfolane at the positive electrode (the electrospray capillary in positive mode) to sulfur dioxide and subsequently to the sulfate ion [57] . Supercharging, hydrogen sulfate adduct formation, and signal suppression were observed to increase simultaneously upon increasing concentration of sulfolane (Figure 1b) . A sample of cyt c was run containing 30 nM sulfuric acid directly as an additive (Figure 4b) . No supercharging was observed for any concentration of sulfuric acid, although hydrogen sulfate adduct formation increased remarkably with additional sulfuric acid. The result confirms that hydrogen sulfate presence and adduct formation is not significant to the supercharging process.
While closely inspecting the samples containing high concentrations of sulfolane (e.g., Figure 1b) , another series of adducts was observed. Unlike hydrogen sulfate, these adducts were only observed on higher charge states. A plot of the intensity of the adducted and nonadducted peaks is shown in Figure 4c . Deconvolution of these adducts revealed a mass difference of 120, corresponding to the mass of sulfolane. Adducts of supercharging reagents were previously reported for high charge states of supercharged proteins [33, 46] . Sulfolane adducts were present even up to the +24 peak of the protein CSD, which is the HOCS for cyt c during the present study. Bovine cyt c has 24 basic residues; two arginines, three histidines, 18 lysines, and the n-terminus. Since no charging beyond +24 was observed in the present system, even under highly-acidic conditions, it seems plausible that the amount of attainable supercharging may be limited by the number of basic residues present on the denatured protein available for protonation. Thus, sulfolane adducts are observed for the highest possible charge state for cyt c in the present system. When the ratio of the sum of the intensities of these sulfolane adducts to the total signal of the corresponding charge state is plotted against the charge state, it can be seen that the most adduct formation occurs for the higher charge states and decreases as the charge state is decreased (Figure 4d ). Sulfolane adducts are weakly bound by noncovalent interactions and are usually lost before detection.
Molecular modeling experiments have successfully predicted the charge states of proteins, including cyt c, observed in ESI-MS by calculating the apparent basicity of the protein in the gas phase [18, 19, 58] . Charges were assigned one at a time to the residues with the highest basicities, where the basicities of the residues were recalculated following each charge assignment. In the charge assignments reported by Peschke et al., only two charges were assigned within five residues of another charged site within the first 15 charges [19] . The first two charges were assigned to the two arginine residues while 12 of the remaining 13 were assigned to lysine residues. These results support that charge assignment is heavily directed by electrostatic interactions, since the 18 lysine residues are differentiated only by their location along the peptide chain and their proximity to other charged sites. While cyt c was considered in the native state for their investigation, it is expected that this trend should also apply to the denatured state.
Our experimental results for denatured cyt c appear to be consistent with electrostatics-driven charging. Figure 5 shows the amino acid sequence for bovine cyt c with the basic residues highlighted. There are 14 distinct groups of single or proximally located basic sites where a charged basic site is at least four residues from another charged site. If a basic site within a group is charged, the electrostatic barrier for the charging of proximal basic residues within the same group will be elevated. The average charge state observed during ESI-MS with no supercharging reagent added was between +14 and +15. Thus, it appears that a single charge per group is the most probable state in the typical denaturing solvent system. Using this approach, the HICS for several other denatured proteins were also successfully predicted (Online Resource 1, S2-S4).
When a supercharging reagent is added, the HICS increases to a level where multiple basic amino acids within a grouping have become charged. Concurrently, sulfolane adducts are observed to increase dramatically with increasing charge state. One possible explanation is that supercharging occurs through direct interactions between the supercharging reagent and charged basic sites. It has been demonstrated computationally that polar solvents are capable of diffusing charges through large-scale dipole ordering [59] . Solvent molecules align around a charge such that the ends with the partial charges opposite that of the charged analyte are directed towards the charge. In this way, the partial opposing charges of the solvent molecules effectively neutralize some portion of the charge on the analyte, where that portion of charge is now distributed along the periphery of this ordered solvation shell. It is supposed that several of these ordered solvation shells can form around a single charge, spreading the charge across a considerable distance. If sulfolane behaves in a similar fashion by delocalizing the charges on basic sites, the electrostatic effect on proximal basic sites could likely be reduced. Like many other identified supercharging reagents [33] , sulfolane is highly polar with a dipole moment of 4.35 D, much higher than water's 1.85 D or methanol's 1.70 D.
To test the effect of reagent polarity on supercharging ability, the dipole moments of several reagents, structurally Table 2 . Each sample consisted of 10 μM cyt c with 100 mM supercharging reagent in 50:50:0.1 MeOH:H 2 O:FA. Since the dipoles of all the supercharging reagents were not available in the literature, each dipole was calculated in Gaussian03W from an optimized molecular structure using the B3LYP method with a 6-311+ g (d,p) basis set. The B3LYP method was chosen for its comparatively good dipole calculations achieved at a relatively low computational cost [60] . For compounds with known dipoles, a consistent overestimation averaging 16% was observed. A clear trend of increasing supercharging ability with increasing dipole moment is shown in Figure 6 . Both the ACS and the HOCS increase with increasing dipole moment of the supercharging reagent.
With R 2 values of 0.74 for the HOCS and 0.76 for the ACS, the regression lines in Figure 6 demonstrate that even though reagent polarity is clearly correlated with supercharging, other factors likely also contribute to supercharging ability. The interaction of supercharging reagents with charged basic sites would depend on molecular structure, such as the type and location of functional groups. For example, the most effective supercharging reagents have one or more carbonyl, sulfinyl, sulfonyl, or nitro groups present in their structure, which may be important for intermolecular interactions between the supercharging reagent and the charged basic site. Lomeli et al. demonstrated that for nitrobenzyl alcohol, supercharging increases in order of the para, meta, and ortho isomers [33] . Interestingly, this is also the order of increasing dipole moment and decreasing distance between the hydroxyl and nitro groups for this series of compounds. In the present study, sulfolene was not as effective of a supercharging reagent as sulfolane, even though their calculated dipoles were nearly identical. The presence of the double bond on sulfolene may impact how this molecule interacts with charge sites as well as other sulfolene molecules. Intermolecular interactions might also explain the disparity of supercharging in the positive and negative modes. Functional groups capable of interacting favorably with positively charged sites may not interact favorably with negatively charged sites. All reagents were also analyzed at the same initial concentration but display a wide range of boiling points. Differences in evaporation rates may lead to different concentrations of the supercharging reagent at the time of ion production.
Conclusion
The addition of sulfolane to denatured solutions of cyt c can lead to a drastic increase of multiple charging. Upon comparing sulfolane's effect on cyt c in both the positive and negative modes and confirming that supercharging only occurs in the positive mode, it seems that a more direct interaction between sulfolane and cyt c, other than denatur- Table 2 . Chemical Properties of Several Reagents and the ACS and HOCS for cyt c Obtained in ESI-MS Upon Their Addition to a Denaturing Solution. T b = boiling point; μ = experimental dipole; μ* = calculated dipole. A "-" Indicates that no Data could be Found. Supercharged Spectra of cyt c for these Additional Compounds can be Found in the Online Resource 1 (S5-S10) Table 2 for the reagent number key. There is a clear trend of increasing supercharging ability with increasing dipole moment. A plot containing both calculated and literature values is available in the supplemental information (Online Resource 1, S11)
ing or increased charge availability, could be responsible for supercharging in this system. This claim is further supported by the strong relationship between the degree of reagent adduct formation and the enhancement of multiple charging.
Since the presence of adducts is observed to increase concomitantly with increasing charge state, they appear to be important to the supercharging process. We propose that through a direct interaction of sulfolane with charged basic sites a means is provided for basic sites, proximal to existing charges, to overcome the electrostatic barrier and obtain or retain charges. The exact details of this possible mechanism are currently under investigation, but we believe the stabilization is provided through charge delocalizing through large scale solvent reordering away from the basic site due to the high dipole moment of sulfolane and other supercharging reagents. The clear correlation between the dipole moments of several supercharging reagents and the extent of supercharging observed for cyt c supports this claim.
